Quantum transport of strongly correlated fermions is of central interest in condensed matter physics. Here, we present first-principle nonequilibrium Green functions results using T -matrix selfenergies for finite Hubbard clusters of dimension 1, 2, 3. We compute the expansion dynamics following a potential quench and predict its dependence on the interaction strength and particle number. We discover a universal scaling, allowing an extrapolation to infinite-size systems, which shows excellent agreement with recent cold atom diffusion experiments [Schneider et al., Nat. Phys. 8, 213 (2012)].
It is the purpose of this Letter to fill this gap [12] . We present first-principle nonequilibrium Green functions simulations using the full T -matrix approximation applied to a fermionic Hubbard model of dimension D = 1 . . . 3. We analyze the expansion of an initially confined system and resolve the short-time dynamics of the particles demonstrating how correlations build up in finite strongly correlated inhomogeneous fermionic systems. We also analyze the long-time limit of the expansion velocity, v ∞ exp , for 1D, 2D and 3D systems, for a broad range of coupling strengths U and particle numbers N and observe a universal scaling v ∞ exp ∼ 1/ √ N , independent of U and D. This enables us to extrapolate our results to the macroscopic limit and directly compare with the measurements of Ref. [4] . The agreement is excellent and achieved without any free parameters.
Nonequilibrium Green functions (NEGF) in Tmatrix approximation (TMA). The NEGF are defined on the complex Keldysh contour C with timeordering operator T C as
for lattice site indices s = (s 1 , . . . , s D ), s and spin projection σ ∈ {↑, ↓}. The equations of motion for the NEGF are the Keldysh-Kadanoff-Baym equations (KBE) [13, 26] and its adjoint (summation overs is implied). The correlation part of the selfenergy (in excess to Hartree-Fock) is computed on the T -matrix level and reads, for the Hubbard model [16] ,
Here, T can be understood as an effective interaction obeying the Lippmann-Schwinger equation (4), e.g. [13] [14] [15] . Taking only the leading term in (4), which describes the interaction with a single electron pair, the TMA reduces to the second-order Born approximation (SBA). We underline the conserving character of this approximation [13] and, in fact, conservation of particle number and total energy is observed to high accuracy in all our simulations [27] . The use of this complex approximation under full nonequilibrium conditions has only recently become possible for the Hubbard model, e.g. [16] [17] [18] . Comparisons with exact diagonalization calculations (CI) confirmed the high accuracy of this approximation [17, 19] . We performed additional simulations using T -matrix and second-order Born selfenergies with the generalized Kadanoff-Baym ansatz (GKBA) with Hartree-Fock propagators to reduce selfconsistency effects that are known to be critical in finite systems [16] .
Numerical results. The two-time KBE (2) were solved for a D-dimensional Hubbard model of N s sites and a step-like circular confinement V R (t) of radius R (switched-off for t > 0, as in the experiment [4] ),
where s, s denotes nearest neighbor sites. It was studied for D = 1 . . . 3 and a broad range of coupling parameters, 0 ≤ U ≤ 8. The number of fermions,
↑ , was varied in the range 2 . . . 114. The calculations started in the thermodynamic ground state which agrees well with the experimental conditions [4] . After the confinement was switched off (potential quench), the diffusion of the fermion cloud was recorded. Figure 1 shows snapshots of a typical expansion for two couplings, U = 1, 4. For U = 1, the density rapidly evolves towards square symmetry of the lattice, whereas for U = 4 the core region remains circular, as observed in the experiment [4] . It is apparent that, there is first a universal initial phase where diffusion is only possible for particles at the cluster edge due to Pauli blocking [5, 17, 20] . This is followed by a more complex evolution that strongly depends, both, on U and N (compare the rows in Fig. 1 ).
To quantify this evolution, we introduce the cloud diameter d, corrected for the initial cloud diameter, R 2 (0),
that involves the time-dependent site occupation numbers n s (t) and the static cloud center-of-mass, s 0 . The upper part of Fig. 2 shows the dynamics of the instantaneous expansion velocity, v exp (t) = d dt d(t) for various U , for the test case N = D = 2 where exact diagonalization (CI) data are available. Our NEGF results within TMA and GKBA+TMA show good agreement with CI [28] which gives us confidence in their reliability for much larger systems and higher dimensions that are out of reach for exact methods.
The expansion velocity starts from the ideal ballistic value, v exp (0) = √ 2D = 2, and converges to a constant smaller value, v ∞ exp that monotonically decreases with U . The dynamics of v exp (t) between these limits are resulting from the non-trivial interplay between single-particle and correlation effects which are straightforwardly accessible within our NEGF approach. Of particular interest are the single-particle and correlation energy (E sp , E corr ) [17] as well as the entanglement entropy S = S sp + S corr [21, 22] ,
where n ↑↓ ss = ĉ † s,↑ĉs,↑ĉ † s,↓ĉs,↓ is the double occupation of site s. The single-particle part, S sp , follows from the replacement n (7), and the correlation part is the remainder. The dynamics of the energy and entropy contributions allow us to identify three characteristic phases of the evolution: during the first, S sp and E sp are built up, resulting in a decrease of v exp , see top part of Fig. 2 . Here, the increase of S sp measures the transition from a state of independent particles (S = 0) to an interacting many-body state. The inflection point τ sp (circles) of S sp (and E sp ) is representative for the time scale of this phase. Subsequently, a second phase ensues that is characterized by the saturation of E sp leading to a convergence of v exp . The simultaneous build-up of correlations partly prolongs the saturation and determines the final value of v exp . The representative time for these processes, τ corr , is the inflection point of S corr (and E corr , diamonds). In the third phase, the expansion velocity and correlations are saturated, whereas the single-particle observables continue to increase with the ongoing expansion. Both characteristic time scales show an interesting dependence on U , cf. upper left part of Fig. 2 , and also on N . This is further explored in the bottom part of Fig. 2 , where we show τ sp and τ corr for varying U (left) and N (right). It is evident that τ corr is one order of magnitude larger than τ sp -in striking contrast to homogeneous systems [23] , and both increase with N . The reason is that entanglement entropy (and energy) are first produced at the cluster edges and the build-up continues towards the center once the outer doubly occupied sites are depopulated. For small N , the active regions quickly overlap impeding the production. On the other hand, when U is increased, the effective scattering rates increase what accelerates the inward propagation of energy and entropy.
To quantify the stationary properties, we extrapolate the expansion velocity to t → ∞. The result v 
for sufficiently large N . The right-hand part of Fig. 3 shows the dependency of the slope χ on the bandwidthnormalized interaction strength U/(b/2) with the effective bandwidth b = 4D. For all dimensions, χ starts at zero for vanishing U , increases to a maximum below U = (b/2) and decreases again for further increased U . The N -independent value χ(0, D) = 0 is a consequence of ballistic expansion of independent particles. On the other hand, for U → ∞, the doubly occupied sites are effectively frozen and the particles do not expand regardless of N . In-between these two limits the slope shows a qualitatively similar behavior for all dimensions, exhibiting a steep rise, for small U and a slow decrease, for large U .
To further explore the universality of the scaling with N −1/2 , we transform the Hamiltonian to momentum space [24] ,
where (k) = −2 Figure 4 shows the momentum occupation probability p(k) = n(k)/N of a 1D system for U = 3 and 2 ≤ N ≤ 42 at the end of the simulation. For all N , p(k) oscillates around a constant mean with an amplitude a, that monotonically decreases with N . For large N , we observe
where the value of a(U, N ) is shown in the inset of Fig. 4 for different U and we again encounter a scaling a ∼ N −1/2 . The recovery of the same asymptotic scaling for p(k) as for the expansion velocity is another indication of universal behavior. This coincidence is not surprising since p(k) directly enters the kinetic energy and also determines the interaction energy.
The observed robust scaling makes us confident to use the extrapolation of v macroscopic results allows us to compare with the experimental data that are typically obtained for large systems with N ∼ 10 5 fermionic atoms. To this end, we compute the core expansion velocity, C exp , introduced in Ref. [4] -the velocity of the half width at half maximum (HWHM). In the experiments, C exp showed an interesting zero crossing, around U = 3, after which it became slightly negative, indicating shrinkage of the central part. Even though the "core" may be an ambiguous definition, it is useful for quantitative comparisons. In fact, our T -matrix NEGF results show a surprisingly good agreement with the experimental data in the entire U -range, including the zero crossing at U ≈ 3, cf. Fig. 5 .
To summarize, we have presented first-principle NEGF results for finite ensembles of strongly correlated fermions on 1D, 2D as well as 3D Hubbard lattices. With the developed simulations within the T -matrix approximation, the expansion dynamics following a confinement quench could be accurately simulated. These dynamics were quantified using the expansion velocity and the relevant energy and entropy contributions, by which their coupling and particle number dependence were revealed. Our results show that full two-time quantum simulations can be successfully applied to mesoscopic fermionic systems and, via extrapolation, even can be extended to macroscopic systems. The agreement with experimental results is excellent taking into account that our theory has no free parameters. Our approach is directly applicable to other transport quantities including electrical and heat conductivity and magnetic properties. Furthermore, the fully inhomogeneous character of the simulations allows one to study the influence of the system geometry and dimension. Finally, it will be interesting to experimentally verify the observed particle number dependence of the expansion velocity and other transport properties.
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for all t > t avg and a given small parameter ( 1) . To quantify the error of v ∞ exp , we use the standard deviation σ v ∞ exp of the averaging process. The macroscopic limit V exp is extrapolated via
where V exp and the slope χ are fit parameters. Only particle numbers N larger than a cutoff value N are taken into account. The errors σ v ∞ exp are also included in the fit process, resulting in the final accuracy σ (V exp ).
COMPUTATION OF THE CORE EXPANSION VELOCITY
The core expansion velocity c ∞ exp and its macroscopic limit C exp are obtained similar to [1] . For D = 2, the density distribution is averaged azimuthally for each time step. The half width at half maximum R HWHM (t) of the resulting profile is used to measure the core width. Adjusted for the initial core width, R 0 HWHM , c ∞ exp is determined by fitting the resulting R HWHM (t) to (cf. Eq. (6) of the main text)
for all t > t avg with R 0 HWHM and c ∞ exp as free fitting parameters. Since the core of the density distribution starts to shrink for sufficiently large interaction strength U , we apply
instead, following [1] , and consider c ∞ exp the speed of contraction of the core region.
The extrapolation of c ∞ exp is done as in Eq. (2), resulting in the macroscopic core expansion velocity C exp , confirming the scaling with 1/ (N ).
DEPENDENCE OF THE EXPANSION VELOCITY ON THE SHAPE OF THE INITIAL CONFINEMENT
One may wonder whether the results of the main paper depend on the chosen steep confinement, cf. Fig. 1 of the main text. Here, we demonstrate that the shape of the initial confinement has only a minor effect on the asymptotic expansion velocity. To this end we use a harmonic confinement
with curvature γ k . To achieve a similar shape for different N , we choose
for three strengths k = 3, 5, 10. Together with the steplike potential (k → ∞), the results are shown in Fig. 1 . Even though the initial density profile is affected by the curvature (see inset), the expansion velocity is not. In particular, the macroscopic limit, V exp changes by less than 10%.
COMPARISON OF DIFFERENT MANY-BODY APPROXIMATIONS
To assess the influence of the chosen selfenergy approximation on the expansion, we computed the expansion velocity for a representative N = 58, D = 2, U = 2.5 system, shown in Fig. 2 . While, in Hartree-Fock approximation, v exp only slightly decreases compared to the ideal velocity, the correlated methods accordantly capture a steeper decline and a later inset of convergence. Analyzing the initial behavior, one notices that, at first, the TMA and SBA start to deviate from each other. Further on, each branch divides with respect to the GKBA. In SBA, GKBA+SBA and TMA, v exp converges to a value which differs by less than 10%. In comparison, the GKBA+TMA show a larger deviation. To classify the reliability of the approximations, we state that the TMA is superior to SBA by construction [2] . Regarding TMA and GKBA+TMA, which are both strong coupling approximations, we have shown that they differ only in the degree of selfconsistency [3] . The N = 2 test against exact results (cf. main text, Fig. 2 ) and the agreement with the experiment (cf. main text, Fig. 5 ) slightly favor TMA over GKBA+TMA, though. However, no ultimate conclusion on the preferable method can be drawn for the considered systems and quantities.
